The effectiveness of this technique for the shear strengthening of T cross section RC beams was assessed by 12 experimental research. For this purpose, three inclinations of laminates were tested (45º, 60º and 90º) and, for each 
Introduction
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The performance of a technique for the strengthening of Reinforced Concrete (RC) structures is dependent on 
19
For the CFRP shear-strengthened beams, the first group is composed of twelve beams with the percentage of 20 stirrups adopted in the 2S-R reference beam ( sw ρ = 0.10%) and having the CFRP shear strengthening arrangements 21 indicated in Table 1 
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The highest percentage of laminates of distinct orientations applied in beams with sw ρ = 0.10% was evaluated to 6 assure that the corresponding beams (2S-10LV, 2S-10LI45 and 2S-9LI60: see Table 1 and Fig. 3 ) had a maximum 7 load similar to the beam reinforced with the highest value of sw ρ (φ6@112.5mm, the 7S-R beam). For this purpose ,   8 it was assumed that a CFRP laminate works like a steel stirrup, however, instead of considering the yield stress of 9 the material, a stress in the laminates corresponding to a strain of 0.5% was adopted since this is a compromise 10 between the maximum value recommended by ACI [7] for the EBR (0.4%), and the 0.59% value obtained in pullout 11
bending tests with NSM strengthening technique using CFRP laminates [8] . For the lowest (beams 2S-4LV, 2S-
12
4LI45 and 2S-4LI60: see 
17
(see Table 1 and Fig. 3 ).
18
The second group of CFRP shear-strengthened beams (see Table 1 and 
24
The laminates and the strips of sheet were distributed along the AB line represented in Fig. 1 , where A represents 25 the beam's support at its "test side" and B is obtained by assuming load degradation at 45º.
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The three point beam bending tests ( Fig. 1) were carried out using a servo closed-loop control equipment, taking 27 the signal read in the displacement transducer (LVDT) placed at the loaded section, in order to control the test at a 28 deflection rate of 0.01 mm/second. To avoid concrete spalling at the most loaded beam's support, a confinement system based on the use of wet lay-up CFRP sheets (three layers with the fibers direction coinciding with the beam 1 axis direction) was applied according to the configuration illustrated in Fig. 1 .
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With the purpose of obtaining the strain variation along one (beams with sw ρ = 0.17%) or two (beams with sw ρ = 3 0.10%) laminates and two strips of sheet that have the highest probability of providing the largest contribution for 4 the shear strengthening of the RC beam, four strain gauges (SG_L on laminates and SG_M on the sheets) were 5 bonded in each CFRP according to the arrangement represented in Fig. 5 . Adopting the same principle, one steel 6 stirrup was monitored with three strain gauges (SG_S) installed according to the configuration represented in Fig. 5 .
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The location of the monitored laminates, strips of sheet and stirrups in the tested beams is represented in 
22
The tensile properties of the wet lay-up CFRP sheet, S&P C240 -300g/m 2 , were characterized elsewhere [12] 23 and are summarized in To apply the precured CFRP laminates using the NSM technique, the following procedures were executed: 1) 10 using a diamond cutter, slits of 4-5 mm width and 12-15 mm depth were opened on the concrete cover (of about 11 22 mm thickness) of the lateral faces of the beam's web, according to the pre-defined arrangement for the laminates
12
(the laminates were not anchored into the beam's flange; they were restricted to the beam's web); 2) the slits were 13 cleaned by compressed air; 3) the laminate, supplied in rolls of 150 m, and with the cross section of 1.4x9.5 mm 2 ,
14
were cut with the desirable length and cleaned with acetone; 4) the epoxy adhesive was produced according to the 15 supplier recommendations; 5) the slits were filled with the adhesive; 6) a layer of adhesive was applied on the faces 16 of the laminates; and 7) the laminates were inserted into the slits and adhesive in excess was removed.
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To apply the wet lay-up CFRP strengthening system using the EBR technique, the following procedures were , are indicated in Table 3 . Assuming that ratio are indicated in Table 3. 14 The results included in Table 3 bridging the crack also contribute to increase the load at which stirrups enter in their plastic phase.
24
The strengthening arrangements with NSM CFRP laminates provided an increase in terms of the maximum load
) that has ranged between 11.1% and 47.0%. Apart 2S-4LV beam, it was verified that
. ; iii) The average value of ( ) max
for the NSM beams and EBR beams was 30.9% 5 and 18.1%, respectively; iv) in general the NSM strengthened beams were stiffer than the EBR strengthened beams, 6 which reflects the better performance of the NSM laminates in terms of controlling the shear cracks. These 7 considerations indicate that NSM strengthened beams had better structural behavior than EBR strengthened beams. 
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When the maximum load of the C-R beam was attained the shear failure crack widened abruptly. The maximum 14 load of the 2S-R and 7S-R beams was attained when one stirrup crossing the shear failure crack has ruptured.
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In general, in the NSM beams strengthened with the minimum fw ρ , the laminates failed by "debonding".
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However, in the present context "debonding" should not be assumed as a pure debonding failure mode of the 17 laminate, since along its bond length, parts of concrete were adhered to the laminate, indicating that failure includes 
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In the EBR beams (2S-4M, 2S-7M(1) and 2S-7M(2)) the failure mode was independent of the CFRP percentage 26 and consisted of the debond of the wet lay-up CFRP sheets from the concrete (see Fig. 9 ). The maximum load of the 27 2S-4M beam was attained just before the first strip of sheet has debonded. In the case of 2S-7M(1) and 2S-7M (2) beams the maximum load occurred just after two strips of sheet have debonded. The effect of this occurrence can be 1 observed in the relationship between force and deflection at the loaded section of the beams ( Fig. 8b and 8c ). Tables 1 and 3 ). This figure shows that, regardless the fw ρ , the arrangement of laminates at 45º was the most 7 effective among the adopted CFRP shear strengthening configurations, and the EBR was not so effective as NSM 8 technique. It is also observed that inclined laminates were more effective than vertical laminates. This is justified by 9 the orientation of the shear failure cracks that had a tendency to be almost orthogonal to the inclined laminates.
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Furthermore, for vertical laminates the total resisting bond length of the CFRP is lower than for inclined laminates.
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The NSM beams with the lowest percentage of inclined laminates had better performance than the EBR beam with 12 the highest percentage of CFRP. laminates ranged from 0.56% in the 2S-4LV beam and 1.08% in the 2S-4LI45 (see Table 3 ). In terms of (
the variation was between 0.55% in the 2S-4LV and 1.03% in the 2S-4LI45 (see Table 3 ). Fig. 11 was more diffuse and the concrete cover that includes the laminates had a tendency to separate from the concrete 6 core of the beams, resulting more uniform strain distributions along the CFRP elements. In these cases, the 7 probability of occurring high gradients of strains, typical of beams with low fw ρ , is reduced.
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A very important aspect of the effectiveness of the NSM technique, regarding the analyzed beams, is its capacity 9 to mobilize the yield strain of the stirrups crossed by the diagonal shear failure crack.
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Influence of the percentage of steel stirrups on the effectiveness of the NSM technique
12
The diagrams force versus deflection at loaded section (F-u LS ) in the tested beams with ρ sw = 0.17% are 
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To evaluate the influence of the percentage of steel stirrups on the effectiveness of the NSM technique, six 20 arrangements of CFRP laminates were applied in beams with ρ sw = 0.10% and in beams with ρ sw = 0.17% (see Table   21 1 a 2S-R is the reference beam without CFRP (Fig. 2) ; b 4S-R is the reference beam without CFRP (Fig. 3) Laminates at 60º 
